The lithium-ion secondary cells/batteries are commonly used for the spacecraft, today. 'REIMEI' satellite is also an example using lithium-ion secondary battery. It used 3 Ah-class off-the-shelf lithium-ion secondary cells, which used the spinel LiMnO4 for the positive and graphite for the negative electrode. Seven cells were connected in series, and two series strings were connected in parallel. The satellite was launched in August, 2005, and injected into the low earth polar orbit. Initially, the battery performance was simulated based on the dependency of the cell performance on temperature. Considering the impedance and discharge performance depending on temperature, the end-of-discharge-voltage during the operation had been precisely controlled. Seven years operation of the lithium-ion secondary battery under the micro-gravity conditions have been demonstrated through the REIMEI operation in space.
Introduction
Recently, lithium-ion secondary cells/batteries became one of the major energy storage devices for space programs because of their higher energy densities compared to Ni-Cd, Ni-MH and Ni-H 2 batteries. A number of spacecraft practically used the lithium-ion battery for the electrical power subsystem for the energy supply during the eclipse time. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] One example is STENTOR, which attempted to demonstrate a SAFT 40 Ah lithium-ion battery system in a geo-stationary orbit.
1) The Japan Aerospace Exploration Agency (JAXA) has been developing lithium-ion secondary cells for aerospace applications. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] For scientific missions like interplanetary missions, lithium-ion secondary batteries have already been applied. One example was HAYABUSA. This spacecraft used 13.2 Ah lithium-ion secondary cells. To realize maximum performance of the battery for long flight operation, the state-of-charge (SOC) of the battery was maintained at ca. 65% during storage in case it is required for contingency operations. The battery was used for the earth swing-by operation, touch-down operation on ITOKAWA, and finally used to close the lid of the sample container. These operations proved the operability of the lithium-ion secondary cells to the interplanetary missions which request the storage of the battery for long period during the cruise phase. Based on the experience, JAXA also applied lithium-ion secondary battery for planetary missions like AKATSUKI, MMO, and HAYABUSA-II. When the lithium-ion secondary cells started to be used for the space programs, 'off-the-shelf' lithium-ion secondary cells received much attention. The European piggy-back satellite 'PROBA' uses lithium-ion batteries produced by AEA using off-the-shelf lithium-ion cells from SONY.
2) The same technology was also applied to European planetary missions such as the satellite 'Rosetta' and the 'Mars-Express'.
2)
REIMEI was also one of the first examples where the off-the-shelf lithium-ion secondary cells were used. It used 3 Ah-class lithium-ion secondary cells. Seven cells were connected in series, and two series strings were connected in parallel. It was launched in August, 2005, and injected into the low earth polar orbit. REIMEI is still operative, while seven years had passed since the launch of the satellite. Since HAYABUSA operation in space, storage performance of the lithium-ion secondary was revealed, while the charge/discharge operability of the lithium-ion secondary cells in space had not been enough reported, yet. Efforts have been made to predict the performance of the lithium-ion secondary cells after the long-term operations including the space applications. [16] [17] However, the in-orbit cycling performance of the lithium-ion secondary cells has rarely been reported. The operation of REIMEI could be one of the proofs of the stable charge/discharge cycling performance of the lithium-ion secondary battery under the micro-gravity conditions in space.
Furthermore, in the case of REIMEI, the lithium-ion secondary cells used for the ground tests reached the level of the 'under voltage control' in 4.5 years, and the test was terminated. In order to maintain the operation of REIMEI, we needed to understand the conditions of the flight battery in detail. The drop of the discharge curves with the different discharge current gives the impedance information of the battery. The charge and discharge curves for the different strings of the cells also give the important information for the distribution of the cell performance. The operation without such information sometimes accelerates degradation of the battery.
This report demonstrates the sustainable operability of the satellite based on the detailed understandings of the lithium-ion secondary battery in space.
Outline of REIMEI
The "REIMEI" (code name before launch was INDEX) satellite, shown in Fig. 1 , is a small satellite that was launched as a piggy-back on the Dnepr Launch Vehicle from Baikonur Cosmodrome in the Republic of Kazakhstan at 6:10 a.m. on August 24, 2005 (Japan Standard Time). It was an engineering demonstrator for the cutting-edge satellite technology. 13, 14) It also carried onboard instruments for scientific aurora observations which were suitable for a small satellite. 13, 14) It used advanced engineering design as the piggy back satellite. One example was the solar paddles. It used a triple-junction-solar-cell, and two sets of solar paddles were prepared for the satellite. In order to enhance the performance the solar paddles, the reflectors of the solar ray were equipped to each paddles. 13, 14) Furthermore, in order to realize the light-weight of the electrical power subsystems, two sets of manganese-type lithium-ion secondary batteries were used. The outline of the satellite is shown in Table 1 . 
The Cell for REIMEI
REIMEI used 3 Ah-class off-the-shelf lithium-ion secondary cells shown in Fig. 2 . It was a pouch cell produced by the Japanese vender. Table 2 shows the specifications of the cell. [13] [14] [15] The cell used the spinel LiMn 2 O 4 for the positive electrode and Graphite carbon for the negative.
As is well known, the lithium-ion secondary cells request the precise control of the voltage during the charge and discharge.
Over 4.5 V, the electrolyte solution starts to be decomposed, and generates heat and pressure. It sometimes break the cell case, thus the over-charge must be prevented. When the voltage decreases less than 1 V, the cupper used for the current collector of the negative electrode starts to be dissolved to the electrolyte solution.
Furthermore, if the temperature increases too high (like over 140 degrees C), the positive electrode starts to be decomposed. It causes the 'thermal runaway' which generates heat drastically, and the decomposition of the positive material which produces oxygen from the cell. In the case of the spinel The name-plate capacity was 3.0 Ah. Fig. 3 shows the temperature dependence of the discharge performance.
The cell was first charged to 4.1 V by 1,500 mA for 5.0 hours, and then discharged to 3.0 V by 1,000 mA.
The average discharge voltage was ca. 3.8 V at 20 degrees C. It was slightly higher than the conventional lithium-ion secondary cell using LiCoO 4 for the positive material. REIMEI requested higher discharge voltage during the operation in space, which encouraged the application of lithium-ion secondary cell using the manganese oxide for the positive electrode.
The cells were commercially produced, and originally designed for the ground applications at room temperature. When the cell was discharged to 3.0 V by 1000 mA, it showed 2.7 Ah at 25 degrees C. Above 15 degrees C, the discharge performance of the cells was almost the same, while at the lower temperature like 0 degrees C, the discharge capacity degraded down to 2.1 Ah due to the increase of the direct current impedance. 
The Battery for REIMEI
Seven cells were connected in series in order to realize the 28 V-class-bus-voltage, and then two series strings were connected in parallel. 14, 15) The cell used aluminum laminated film for the cell case, and was not hermetic sealed to enhance the energy density for the ground applications. Thus, we needed the reinforcement to the structure of the cell in order to use it for our space programs. The cells were put inside the aluminum case, and potted by the epoxy resin for the reinforcement as shown in Fig. 4 .
The heaters were equipped to the side wall of the aluminum case, thus the temperature of the battery could be controlled, intentionally. Table 3 shows the specifications of the battery.
Before the launch of the satellite, the environmental tolerance against the vibration and thermal vacuum were also tested as shown in Figs. 5 and 6 , respectively.
We also tested the radiation tolerance of the bare cell. The cells were surrounded by the aluminum with the 5 mm thickness, and exposed to the radiation condition of 10 krad and 15 krad. We did not observe any degradation of the charge/discharge cycling performance and the capacity fading due to the radiation test of the cells. 
In-orbit Performance of The Battery
REIMEI was launched in August, 2005, from Baikonur Cosmodrome in Kazakhstan, and injected into the low earth polar orbit with the 600 km altitude.
The main bus battery of REIMEI is lithium-ion secondary battery, while, during the launch phase, lithium primary cells were also used in order to maintain the bus voltage until the sun acquisition of the satellite.
The cells used aluminum laminated film for the cell case, and organic electrolyte solvent inside. Since the vaporization of the solvent could proceed at higher temperature, the proper temperature should be maintained. However, the lower temperature increases the internal resistance of the cell, which drops the discharge voltage of the battery. In order to maintain the bus voltage above the UVC level, precise control of the heater duty accompanied with the proper expectation of the heat generated from the battery itself. Fig. 7 depicts the initial trend of the battery temperature. During the supply of the electrical power from the primary battery, the temperature of the secondary battery initially decreased down to 2 degrees C, and then the heater started the temperature control. The charge and discharge of the secondary battery increased the temperature of the battery by itself up to 13 degrees C. Then the level for the thermal control of the battery was raised up to 20 degrees C to realize the appropriate discharge voltage of the secondary battery.
The battery has two levels of voltage for the charge. The higher voltage for the charge was 4.2 V, and the lower was 4.1 V. During the launch phase, the charge voltage of 4.2 V was selected, while it was shifted down to 4.1 V in order to maintain the better performance of the cells for a longer period.
The orbit of REIMEI realized 62 minutes day time, and 35 minutes night time. During the day time 1,500 mA was supplied for the charge, and 740 mA was nominally consumed during the night time. (1) The primary battery was used and the temperature of the secondary battery initially decreased after the launch.
(2) The temperature started to be controlled using heater, when the temperature of the battery reached to 2 degrees C. After the house-keeping maintenance, REIMEI started the observation of aurora around the polar area. REIMEI had three cameras which were used for the observation of aurora with different wave length. Since the aurora camera had been used during night time, the battery had to manage the electricity for the observation. Nominal discharge current for the operation of REIMEI requested about 750 mA for one battery unit, while the maximum discharge current during the aurora observation was 1,500 mA for 5 minutes. The operation of REIMEI had to consider the end-of-discharge voltage above UVC level based on the observation of aurora just before the end of eclipse. 15) Before the launch of the satellite, the charge/discharge cycling tests of the cells were started. The performance of the ground test cells was calibrated to simulate the in-orbit performance of the battery based on the direct current impedance information of the cell to prevent the over discharge during the observation of aurora. 15) Fig . 8 shows the charge/discharge curves in September, 2006. After one year passed from the launch, the performance of the two series connections of the cells almost coincided together. The temperature of the battery was maintained between 19 and 22 degrees C. During the charge and discharge, heat should be generated by the internal resistance of the cells. However, the heater repeated the temperature control constantly without any effect from the charge and discharge cycling period. Fig. 9 shows the charge/discharge curves in September, 2011. After six years passed, the performance of the two series connections still maintained the coincided performance. The temperature of the battery was maintained between 19 and 22 degrees C, and the temperature was properly controlled by the heater. Fig. 10 shows the trend of the end of discharge voltage (EoDV). The batteries gradually lost its performance due to the degradation. Thus, the period and the number of camera spent for the observation of aurora was restricted based on the condition of the batteries. Seven years had already passed, while the charge and discharge current for the two different battery unit coincided together. The dotted line in the Fig. 10 shows the trend of EoDV obtained from the ground test. Single cell was used for the ground test, and the cell voltage was multiplied by seven. After the operation over 20,000 cycles, the voltage for the ground test gradually approached down to the UVC level. The ground tests was started prior to the launch of the satellite. The charge/discharge conditions between the ground test and the in-orbit operation was different.
The charge current for the ground test was 1.5 A up to 4.1 V of CV level. The charge was continued for 65 min, and then the cell was discharged by 1.0 A for 35 min. The depth of discharge (DoD) was 19.4 %, while the DoD in orbit was approximately 15%. The temperature was maintained at 25 degrees C during the test.
The charge for the one unit of the battery in the orbit was almost the same while the charge was continued for 63 min, and the discharge was approximately down to 15 % by spending 33 min. The temperature was controlled by the heater at approximately 20 degrees C in the orbit.
Through the experience of the cycling tests of the lithium-ion secondary cells, the main issue for the accelerated degradation of the ground test seemed to be the temperature. The higher temperature of the ground tests might cause the increase in impedance and degradation of capacity, thus the life cycle performance of the ground test was much shorter than the operation in space.
Anyway, the seven years operability of the lithium-ion secondary battery under the micro-gravity conditions has been demonstrated through the REIMEI operation in space.
Summary
The 'REIMEI' satellite used lithium-ion secondary cells for the main bus battery.
The off-the-shelf lithium-ion secondary cells with 3 Ah name plate capacity were used for the battery. The positive active material of the cell was spinel LiMn 2 O 4 and the negative was the graphite. Seven cells were connected in series, and two series strings were connected in parallel. The battery was reinforced by the potting material and the aluminum case for the usage under the vacuum condition in space.
The satellite was launched in August, 2005, and injected into the low earth polar orbit.
Initially, the battery performance was simulated based on the dependency of the cell performance on temperature. Thus, the end-of-discharge-voltage during the operation had been precisely controlled. The performance of the flight battery was simulated based on the ground simulation tests.
Seven years operation of the lithium-ion secondary battery under the micro-gravity conditions have been demonstrated through the REIMEI operation in space.
